Esculetin has been described as an inhibitor of tyrosinase and polyphenol oxidase and, therefore, of melanogenesis. In this work, we demonstrate that esculetin is not an inhibitor but a substrate of mushroom polyphenol oxidase (PPO) and horseradish peroxidase (POD), enzymes which oxidize esculetin, generating its o-quinone. Since o-quinones are very unstable, the usual way of determining the enzymatic activity (slope of recordings) is difficult. For this reason, we developed a chronometric method to characterize the kinetics of this substrate, based on measurements of the lag period in the presence of micromolar concentrations of ascorbic acid. The catalytic constant determined was of the same order for both enzymes. However, polyphenol oxidase showed greater affinity (a lower Michaelis constant) than peroxidase for esculetin. The affinity of PPO and POD towards oxygen and hydrogen peroxide was very high, suggesting the possible catalysis of both enzymes in the presence of low physiological concentrations of these oxidizing substrates. Taking into consideration optimum pHs of 4.5 and 7 for POD and PPO respectively, and the acidic pHs of melanosomes, the studies were carried out at pH 4.5 and 7. The in vivo pH might be responsible for the stronger effect of these enzymes on L-tyrosine and L-3,4-dihydroxyphenylanaline (L-DOPA) (towards melanogenesis) and on cumarins such as esculetin towards an alternative oxidative pathway.
clear copper cluster containing monooxygenase activity ubiquitously present in biological systems. 1, 2) It catalyzes the oxidation of o-diphenols (o-diphenolase and catecholase activity) to the corresponding o-quinones by the consumption of molecular oxygen. It might also catalyze the regioselective orthohydroxylation of monophenols to catechols (monophenolase and cresolase activity) and their subsequent oxidation to o-quinones. This is shown in Scheme 1. Periodate, like PPO, oxidizes o-diphenols to o-quinones, but does not hydroxylate monophenols to o-diphenols.
3) This reagent has been used in several studies for comparison with PPO and to characterize the o-diphenol oxidation products. 4) Peroxidases are ubiquitous in the plant and animal kingdoms.
5) The cationic isoenzyme from horseradish peroxidase (EC 1.11.1.7; POD) has been studied intensively because of its commercial use in diagnostic assays and potential application in bioremediation.
6) The oxidation of phenols by POD produces extremely reactive free radical intermediates which, following release from the enzyme, readily condense to yield polymeric products of variable stoichiometry. The kinetics of these reactions is not described by classical Michaelis-Menten equations, and saturation kinetics are often not observed because of the limited solubility of many of these substrates.
Cumarins are widely distributed in plants and are especially abundant in the bark, leaves, and roots of Umbelliferae, Rutaceae, and Euphorbiaceae plants. 7) They are made of fused benzene and -pyrone rings. To date, more than 1,300 cumarins have been described, principally as secondary metabolites not only in green y To whom correspondence should be addressed. Fax: +34-968-363963; E-mail: canovasf@um. plants but also in fungi and bacteria. 8, 9) From their structure, we can see that many permutations are possible by substitution and conjugation, which is why so many of these substances exist in nature. They have recently been reported to have interesting pharmacological and biochemical properties, such as anti-oxidative, anti-inflamatory, and anti-allergic effects, 10, 11) and are capable of inducing apoptosis, 12) etc. Besides cumarin and its metabolites, there are the other related compounds, such as the isocumarins. Warfarin, an antagonist of vitamin K, also derives from cumarins, and aflatoxins are also based on their structure.
Esculetin (Scheme 2) is a cumarin derivative contained in many plants, such as Citrus limonia and Euphorbia lathyris. It has multiple biological activities, including the inhibition of xantine oxidase activity, 13) platelet aggregation, 14) and the induction of apoptosis. In addition, esculetin shows antioxidative activity, 15, 16) an inhibitory effect on the growth of human breast cancer cells, 17) and a synergistic effect with retinoic acid on the differentiation of human leukemia cells.
12) The antitumor mechanism of esculetin is not well understood, although it appears to work as a result of the increased cytosolic translocation of cytochrome c from the mitochondrial inner membrane to cellular cytosol. This signal triggers programmed cell death.
Recently, 7, 18) considerable attention has been focused on possible inhibition displayed by the cumarins, especially by esculetin on melanin biosynthesis. In particular, esculetin appears to act on PPO, playing a key role in the regulation of this biosynthetic route. Of all cumarins studied, esculetin is the one the displays the greatest potential to inhibit this enzyme. 18) Since esculetin has a diphenolic structure, however, it can be oxidized by PPO and POD. In this work, we propose to characterize kinetically the oxidation of esculetin, as a possible PPO and POD substrate rather than an inhibitor. In addition, due to the instability of the o-quinones generated by these enzymes and the resulting difficulty in measuring their activity, 19) we propose an alternative chronometric method, based on the measurement of the lag period involved in the consumption of a small quantity of ascorbic acid (AH 2 ), to determine accurately the initial rate (V ss ) of their action on this substrate.
Material and Methods
Reagents. 20) but with two additional chromatographic steps.
21) The enzyme solution was passed through a column (2:0 Â 30 cm) of Sephadex G-100 (Pharmacia, Upsala, Sweden) equilibrated on 0.01 M sodium phosphate buffer (pH 7). Samples showing tyrosinase activity were further purified by FPLC anion-exchange chromatography on a Mono-Q HR 5/5 column (2:0 Â 30 cm) (Pharmacia, Upsala, Sweden) equilibrated with 0.01 M sodium phosphate (pH 7) and eluted with sodium chloride (0-0.5 M gradient). Purified enzyme was desalted with Sephadex G-25 (Pharmacia, Upsala, Sweden) into ultrapure water and stored in liquid nitrogen. The protein concentration was determinated by Bradford's method, 22) using bovine serum albumin as the standard.
Spectrophotometric assays. Absorption spectra were recorded in a visible-ultraviolet Perkin-Elmer Lambda 2-spectrophotometer interfaced on-line with a PC compatible 486DX microcomputer, at a scanning speed of 60 nm/s. The temperature was controlled at 25 C using a Haake D16 circulating water bath with a heater/ cooler, and checked using a Cole-Parmer digital thermometer with a precision of AE0:1 C. Kinetic assays were also carried out with the above instruments following a chronometric method by measuring the appearance of the products in the reaction medium. Reference cuvettes contained all the components, except the substrate, in a final volume of 1 ml. All the assays were carried out under saturating conditions of PPO by molecular oxygen (0.26 mM oxygen in the assay medium), 23) Chronometric method. Enzymatic activity was determined spectrophotometrically using the chronometric method described in ''Results and Discussion.'' 19) The only condition was that there had to be an absorbance increase (due to the product formation) measurable once the ascorbic acid (AH 2 ) was consumed, to be able to determine the time necessary, , to consume the quantity of AH 2 called [AH 2 ] 0 . From these values, the initial, V 0 , rate can be determined (see ''Results and Discussion''). Preliminary experiments were carried out in the absence of ascorbic acid with the tyrosinase/O 2 /esculetin system by recording spectrophotometric scans to identify in which zone of the spectrum, particularly the visible zone, the greatest changes in absorbance occurred. The wavelength chosen at acid and neutral pH was 460 nm. The activity of POD was continued using the same methodology, but with the POD/H 2 O 2 /escueltin system. Dimethylformamide (DMF) (2% v/v) was added to the cuvettes to increase the concentration of ESC due to the low solubility of the substrate.
Determination of molar absorption coefficients. The absorbance data were analyzed according to Beer's law using the standard least-squares linear regression program. Molar absorption coefficients were estimated for a known path length of 1 cm. The minimal acceptable coefficient of determination (r 2 ) was taken to be 0.995. Data yielding coefficients less than this were due to pipetting errors and rounding up/down of the values. With this precaution, the 95% confidence limits for the molar absorption coefficient estimates were 5%.
Kinetic data analysis. Polyphenol oxidase (PPO).
Initial rate values (V 0 ) were calculated from triplicate measurements at each reducing substrate concentration. The reciprocals of the variances of V 0 were used as weighting factors in the non-linear regression fitting of V 0 versus [ESC] 0 data to the Michaelis-Menten equation (Eq. 9). The fitting was carried out using Marquardt's algorithm, 24) implemented in the Sigma Plot 9.0 program for Windows, 25) 
21)
Horseradish peroxidase (POD). Initial rate values (V 0 ) were calculated from triplicate measurements at each reducing substrate concentration. The reciprocals of the variances of V 0 were used as weighting factors in the non-linear regression fitting of V 0 versus [ESC] 0 data to the Michaelis-Menten equation (Eq. 11). The fitting was carried out using Marquardt's algorithm, 24) implemented in the Sigma Plot 9.0 program for Windows, 25) obtaining V 
Results and Discussion
Oxidation of esculetin by high concentrations of PPO The possible enzymatic oxidation of esculetin (ESC) by PPO/O 2 and POD/H 2 O 2 was studied at both pH 7 and pH 4.5, taking into account the pH optimum of both enzymes, 1, 5) and the acidic pH of melanosomes. 7) The enzymatic oxidation of ESC by PPO at pH 4.5 generates o-quinone (Q), which is unstable, with a very clear stoichiometry, as revealed by the formation of two isosbestic points, at 330 and 360 nm ( Fig. 1 and inset) . In similar experiments carried out at pH 7, isosbestic points were produced at ¼ 350 nm and ¼ 410 nm, which also implies the instability of Q with a clear stoichiometry.
The characterisation of ESC as a substrate of PPO and POD requires assays with [ESC] 0 of around 1 mM. However, at such high concentrations, the absorbance of Q at the isobestic points is very high (Fig. 1) , and it saturates the photomultiplicator of the spectrophotometers, for which reason 460 nm was chosen as the wavelength for Q detection.
Oxidation of esculetin by excess of periodate
Periodate oxidizes o-diphenols in a way similar to PPO, but, when an excess of periodate is used for the oxidation, the reaction is instantaneous, and this allows the molar absorption coefficients, 3) to be calculated for Q at both pH values ( Fig. 2 and inset) . These coefficients, at ¼ 460 nm, are 803 M À1 cm À1 at pH 4.5 and 1,503 M À1 cm À1 at pH 7 (and when ESC is oxidized with a defect of periodate, similar values are obtained). This physical characteristic of Q is important in several types of study, such as those involving HPLC.
Kinetic characterization of the oxidation of esculetin by PPO and POD
To characterize ESC, the initial slope of the appearance of Q (V 0 ) can be measured directly at 460 nm, but the recordings are parabolics, without linear zones, and thus a true steady-state is not reached (Fig. 3) . Furthermore, this gives rise to false results due to the instability of Q, which involves a curve V 0 versus [ESC] 0 (Fig. 3 inset) that does not resemble the hyperbola necessary to estimate k cat and K m .
In some cases where the o-quinones generated by PPO and POD are unstable, the use of a reductant such as AH 2 , which instantaneously reduces to Q, has been proposed to follow the enzymatic activity; the disappearance of the AH 2 can then be followed spectrophotometrically. 19 ) However, it was not possible follow the disappearance of AH 2 by referring to the overlapping spectra for ESC or AH 2 at the different pH values used.
Hence we propose a chronometric method, based on measurement of the time required for the consumption of a small quantity of ascorbic acid (AH 2 ), which prevents Q from evolving, according to the following Scheme for PPO: 26) where E m , E d , and E ox represent the oxidized and deoxygenated forms and that with a peroxide group of the enzyme, respectively. This method uses the reduction by AH 2 of Q (Scheme 3d), which is generated by the enzyme (Scheme 3a-c) . 19 
The total quantity of material entering the system is V ss t, where t is the time during which the enzyme acts. In the presence of AH 2 , Q is reduced to ESC and while AH 2 remains, ESC is not consumed. The intersection of the increase in absorbance of the recording Q versus t and the time axis, corresponds to Q ¼ 0 
Therefore, the experimental measurement of , in assays with a known value of [AH 2 ] 0 , lead to the calculation of the true V ss value:
Taking into consideration the kinetic mechanisms of PPO and POD, described below, some restrictions can be established so that this chronometric method provides suitable values for the parameter V ss , so that the enzymes can be characterized kinetically.
The expression of V ss is given by:
where
Since at this value of k 8 (ð2:3 AE 0:4Þ Â 10 21) PPO is saturated by oxygen, 23) and if ½O 2 0 ! 1 in Eq. (4), then
The action of POD on reducing substrates (ESC) in the presence of H 2 O 2 is described by Scheme 4 6) where POD indicates that free enzyme POD-I is compound I, POD-II is compound II, and SQ-ESC is the semiquinone radical corresponding to ESC.
The following expression is obtained for the rate of radical formation:
This equation can be rearranged as follows: 
and
In order to apply the method, it is necessary to take into account the following:
(a) Limitation of consumption: As mentioned above, In assays with POD, the same restrictions are applied, except that since this enzyme consumes H 2 O 2 , the concentration of AH 2 must fulfill [
Furthermore, in agreement with the stoichiometry of Scheme 4, the expression of V ss is
Evaluation of kinetic constants When the chronometric method described above was applied to the characterization of the substrate (ESC), a hyperbolic dependence of V ss vs [ESC] 0 was obtained (Fig. 4 and inset for PPO, and Fig. 5 and inset for POD) . Analysis of the data, as described in Material and Methods, provided the information summarized in Table 1 for PPO and POD.
From these results (Table 1) , it can be concluded that ESC is a good substrate for PPO and POD. The catalytic constant, k cat , is of the same order of magnitude as those obtained for PPO acting on o-diphenols, 21) and for POD.
6) The Michaelis constant values increase slightly at lower pH values, and the same constants for hydrogen peroxide and oxygen are very low, which implies that both enzymes can act with low physiological concentrations of these oxidizing substrates.
In conclusion, the use of a chronometric method to determine the enzymatic activity of PPO and POD acting on ESC enabled the kinetic characterization of this compound, which acts as substrate for both enzymes. From the results obtained, we conclude that ESC is not a true inhibitor of PPO, as has been claimed. 7) Rather, ESC acts as an alternative to the physiological substrates L-tyrosine and L-DOPA. Therefore, ESC probably directs the melanogenesis pathway towards quinonic derivatives other than o-dopaquinone and dopachrome, which are intermediates of the melanogenesis pathway.
